Highly dispersive loading of Y3+ ions, as a sintering aid, on Si3N4 powder via aqueous processing has been presented. The chemical stability of Si3N4 powder in pressured and saturated water vapor was improved by a chemical surface modification with dicarboxylic sebacic acid, while maintaining hydrophilic surface. The treatment of the sebacic acid-modified powder with yttrium acetate tetrahydrate resulted in strong im mobilization of Y3+ ions at a highly dispersive level on the Si3N4 powder surface through ion-exchange with the free carboxyl groups of the sebacic acid molecules attached to the Si3N4 surface. The highly dispersive sintering aid promoted hot-press densification of Si3N4 even with a small loading amount, in comparison with materials added with Y2O3 powder as a sintering aid.
Introduction
Silicon nitride ceramics are among the most promising materials for high-temperature structural applications be cause of their combination of properties, including room and elevated-temperature strength, toughness, oxidation stability, low coefficient of thermal expansion, and low den sity relative to refractory metals.1)-4) The fabrication of the Si3N4 ceramics with high reliability of the thermomechanical properties essentially depends on densities and both physi cal and chemical homogeneities of green compacts.5) The ceramics are usually fabricated by liquid-phase sintering, with or without pressure, of the compacts composed of a mixture of silicon nitride and sintering aid powders, such as Y2O3, MgO and Al2O3. Besides microstructural hetero geneities associated with particle size distribution of raw powders, in such systems consisting of oxide and non-oxide particles, segregation of sintering aid powders may occur in the green compacts due to great differences in the surface chemical properties of the different powder components. Such an inhomogeneity remains or is enhanced during the sintering process, and then limits the manufacture of ceram ics with excellent properties. Homogeneous precipitation of sintering aids on Si3N4 powders have been demonstrated by an in situ sol-gel process6) and a solution-based method us ing nitrate. 7 Recently, optimization of aqueous Si3N4 slurries including the choice of molecules to be chemisorbed on the powder, dispersants and binders has been investigated exten sively.4), 8), 9) This is because the slip casting is a suitable con solidation process to obtain high densities of green compacts and subsequent highly sintered densities. It has been re vealed that the chemisorbed molecules, such as silanes with diamino and poly (ethylene glycol) hydrophilic heads, are useful for not only achieving slurries with highest packing density, but also suppressing reactivity of Si3N4 powder with water.4) Although the oxidation and/or hydration ki netics of Si3N4 powder is extremely slower than those of AlN powder,10)-12) the progress of the reactions yielded an increase in the oxygen contents and hence requires the ad justment of the additive amounts of sintering aids so that an improvement of densification can be achieved.3) Even though the slip casting is also useful for obtaining micro structural homogeneity of green compacts, special atten tions are needed for the selection of surfactants and disper sants so as to achieve homogenous mixing of Si3N4 and sin tering aid powders.
Our previous study has demonstrated that surface modifi cation of AlN powder with sebacic acid having two carboxy lic heads yields a water-resistant nature, while maintaining hydrophilic surface suitable for aqueous colloidal process ing, i.e., slip casting.13) The aim of the present study was first directed to surface chemical modification of Si3N4 pow der with sebacic acid so that both a water-resistant nature and hydrophilic surface could be achieved, in analogy with the surface modification of AlN powder developed. Further more, highly homogeneous distribution of a sintering aid was conducted by chemisorption of yttrium acetate deriva tives on Si3N4 powder through the sebacic acid, so as to achieve an improvement of densification of ceramics. Microstructure of Si3N4 ceramics fabricated by this im proved process was compared with that of Si3N4 ceramics fabricated by a conventional method by employing a mix ture of Si3N4 and Y2O3 powders.
2. Experimental procedure 2.1 Chemical surface modification of Si3N4 powder The Si3N4 powder used was SN-9FWS (-Si3N4, 90 mass >) produced carbothermally by Denki Kagaku Kogyo K. K., with surface area of 12.0m2/g. The powder was treat ed in vacuo at 150 for 3h to remove physically adsorbed water that might exist on the surface, and was subsequently subjected to chemical surface modification with sebacic acid, HOOC(CH2)8COOH (97%, Wako Pure Chemical In dustries, Ltd.). The amount of sebacic acid used for the modification was 1.6110-1mol per mol of Si3N4. This amount corresponded to ten times that of Si atoms at the surface calculated from its surface area and assuming the Si3N4 surface to consist of only (001) planes. The Si3N powder was mixed with sebacic acid in a three-neck reaction flask, by employing dehydrated benzene as a solvent, and then the suspension was refluxed around 80 for 3h. After the similar treatment of AlN powder conduced in our previ ous study, we have found new adsorption bands at 1588 and 1470cm-1 which could be attributed to asymmetric and symmetric stretching of COO bonded to Al by FT-IR spec troscopic analysis.13) From thermodynamic consideration, Si3N4 is likely oxidized to silica or silicon oxynitride, 14) and in turn its surface is certainly covered with hydroxyl groups in an ambient atmosphere. Thus, the following de hydration-condensation reaction was expected to progress during the treatment of Si3N4 powder, in a manner similar to the surface modification of AlN powder.
The modified Si3N4 powder was washed with different kinds of organic solvents to remove excess sebacic acid under the same condition: organic solvents of 100ml per the modified Si3N4 powder of 1.0g. The powder was filtrred and then was dried in vacuo at 150 for 3h. The amount of sebacic acid chemisorbed on Si3N4 and its oxidation behavior before and after the washing were stud ied by TG-DTA (DTG-50, Shimadzu) up to 800 at a heating rate of 10/min under flowing air at 100ml/min. For comparative purpose, the surface chemical modification with stearic acid, typical monocarboxylic acid, was also con ducted in a manner similar to that described above.
2.2 Measurement of chemical stability of Si3N4 pow ders in water As-received and sebacic acid-modified Si3N4 powders were treated under a pressured and saturated water vapor environment (pressure cooker test, PCT), as follows. Deionized water of 30ml was poured into a Teflon vessel (volume: 60cm3), and the powder of 1.0g was suspended over the water by using an open glass holder. The vessel was put on the Teflon lid and then was closed up tight in a stainless steel vessel. The vessel was kept at 121 for 24h. The amount of hydrolyzed Si3N4 was calculated from the pH change of the deionized water in the vessel. The chemical stability against pressured and saturated water vapor was evaluated by the hydrolyzed amount. The chemical stability was further confirmed by examining the powders by XRD (2807C3, Rigaku Corp.) after PCT.
2.3 Loading of a sintering aid by a solution-based method Chemisorption of yttrium acetate tetrahydrate was con ducted as follows: the sebacic acid-modified Si3N4 powder was washed with methanol, the washed powder of 10-50g was dispersed in an aqueous solution of 200-500ml of yt trium acetate tetrahydrate (Wako Pure Chemical Indus tries, Ltd.) at concentrations of 2.25-3.0mol/l, and the sus pension was stirred at 25 for 24h. The powder was filtered off and then was dried in vacuo at 50 for 3h. Be sides weakly attracted yttrium acetate, we expected ion-ex change reactions between yttrium acetate derivatives and protons in the free carboxylic groups at the sebacic acid-mo dified Si3N4 powder surface during this treatment, and then strong immobilization of Y3+ ions on the modified powder at a highly dispersive level, as expressed by such a following e uation.
Thereafter, the powder was washed with deionized water and filtered off. The washing repeated until no yttrium ions could be detected in the filtrate. The Y3+-chemisorbed Si3N4 powders before and after the washing were immersed in a hydrochloric acid solution, and then the solution containing the eluted Y3+ ions was titrated with EDTA to determine the concentrations of chemisorbed Y3+ ions. The Y3+ chemisorbed Si3N4 powders were also subjected to the TG-DTA measurements up to 800 to determine the weight changes associated with the combustion of organic components and the oxidation of Y3+ ions to Y2O3. The total weight of organic components in the Y3+-chemisorbed Si3N powders could be calculated from both the concentrations of chemisorbed Y3+ ions and the weight changes, and hence the loading amounts of the sintering aid as Y2O3 could be de termined.
Fabrication of Si3N4 ceramics
The Y3+-chemisorbed Si3N4 powder without washing was used for fabricating ceramics in this study, since the titra tion and the TG-DTA measurements revealed the decrease in the amount of Y3+ ions after washing down to about 0.6 mass% as Y2O3, as described later. The powder was fired at 600 for 1h in air to burn out the organic components prior to sintering. The powder was then placed into a graphite die and hot-pressed at 1750 for 1.5h at a heating rate of 15/ min, under a uniaxial pressure of 50MPa in a flowing N2 at mosphere (FT-50/200, Fujidempa Kogyo Co., Ltd.). The surfaces of the hot-pressed ceramics were polished with emery paper. The ceramics fabricated are typically 2525 25mm in size. Si3N4 ceramics were also fabricated by employing Y2O powder (average particle size: 2.5m, 99.99%, Kishida Reagents Chemicals) as a sintering aid for comparative pur pose. The mixture of as-received Si3N4 and 5.0 mass% Y2O powder was milled for 12h in a ball mill using methanol and YTZ (yttria-toughened zirconia) balls (Nikkato Corp.) as grinding media. The mixture was then subjected to the same prefiring and sintering conditions. 2.5 Characterization of Si3N4 ceramics Density of Si3N4 ceramics was determined by the Archimedes method. Fracture sections of the ceramics were polished with diamond paste, and then subjected to Ar plas ma bombardment for 4min, followed by treatment with 46 HF and 35% HCl solution for 10min and 5min, respec tively. Thereafter, the etched surface was observed by SEM (S-2250N, Hitachi Ltd.).
3. Results and discussion 3.1 Chemisorption and oxidation behavior of sebacic acid on Si3N4 Figure 1(b) shows TG-DTA curves obtained with the se bacic acid-modified Si3N4 powder before washing. A slight weight loss was observed up to around 150, and an abrupt and large decrease in weight was observed at 200-250, while two endothermic peaks and one exothermic peak ap peared around 135, 250 and 325, respectively. For com parative purpose, TG-DTA curves obtained with as received and stearic acid-modified Si3N4 powder were shown in Figs. 1(a) and 1(c) , respectively. The as-received powder exhibited a slight decrease in weight up to around 450, probably due to the desorption of physisorbed water and hydroxyl groups on the surface. In the case of the stea ric acid-modified powder, on the other hand, weight loss was negligible up to around 170, beyond that a slight decrease in weight was observed up to around 450. A large exother mic peak appeared around 300.
Thus, both the weight loss and the exothermic peak were due to the oxidation of chemisorbed stearic acid. The surface coverage of chemisorbed stearic acid was calculated to be 93% from the weight loss, assuming again the surface to consist of only (001) planes and stearic acid to be chemisorbed (by the de hydration-condensation reaction) on only one third of the surface Si atoms due to the steric hindrance of carboxylic acid (see Fig. 2 ). The little weight loss up to around 170 implies the absence of hydroxyl groups and/or physisorbed water due to its hydrophobic nature of the stearic acid-modi fied Si3N4 powder from the analogy to the stearic acid-modi fied AlN powder reported previously. 15) From the large weight loss observed in Fig. 1(b) , the sur face coverage of sebasic acid on the surface was calculated to be 837% by the same assumption, suggesting the exis tence of a large amount of weakly attracted sebacic acid by hydrogen bonds to the chemisorbed sebacic acid fixed by the dehydration-condensation reaction, as schematically shown in Fig. 3(b) . Such a change in weight loss between stearic acid-and sebacic acid-modified powder may be ascribed to the difference in surface nature: hydrophobic for the stearic acid-modified Si3N4 and hydrophilic for the se bacic acid-modified one due to the existence of free carbox ylic group heads. Therefore, the slight weight loss up to around 150 observed in Fig. 1(b) can be ascribed to the desorption of physisorbed water. In addition, it can be consi dered that two endothermic peaks around 135 and 250 stands for melting and boiling of the weakly attracted sebac ic acid (the melting and boiling point of sebacic acid are 134 and 232, respectively). The 837% surface coverage of se bacic acid was too large to be subjected to the loading of a sintering aid by the subsequent ion-exchange reaction. Therefore, the sebacic acid-modified Si3N4 was washed with several organic solvents prior to the ion-exchange reaction. Figure 4 shows TG-DTA curves obtained with sebacic acid-modifed Si3N4 after washing with several organic sol vents. By the washing, surface coverage of sebacic acid cal culated from the weight loss decreased significantly: the efficiency of detergents was in the order of 1-propanol< methanol<ethanol<acetone.
In accordance with this order, the height of two endothermic peaks decreased. On the other hand, the height of the exothermic peak remained almost unchanged, irrespective of the kind of organic deter gents. This implies that the amount of sebacic acid fixed by the dehydration-condensation reaction is not affected by the subsequent washing, whereas weakly attached sebacic acid can be removed effectively by the washing. Table 1 summarizes the chemical stability of the sebacic acid-modified Si3N4 with and without washing during PCT. When as-received Si3N4 powder was immersed in deionized water at 50 for 5h, its hydrolysis was negligible, since no pH changes of the water were detected and XRD of the powder after the immersion revealed no phases other than Si3N4. Under pressured and saturated water vapor at 12 for 24h, however, it was revealed that 5.0 mass% of Si3N was hydrolyzed. The water-resistant nature of Si3N4 was im proved by the modification with sebacic acid, i.e., only 0.20 mass% of Si3N4 was hydrolyzed in the case of sebacic acid modified powder without washing. The washing with organ ic solvents also yielded the improved water-resistant nature, though the hydrolysis amount increased slightly after wash ing with acetone. From the results summarized in Table 1 it is suggested that the excess sebacic acid on Si3N4 powder is not necessary for improving the water-resistant nature nor for promoting the ion-exchange reaction with yttrium acetate tetrahydrate. Thus, the sebacic acid-modified Si3N washed with methanol was subjected to the following ion exchange reaction aimed at loading of Y3+ ions in a high dis persive level. The results summarized in Table 1 3.3 Effect of washing on the loading amount of Y3 ions after ion-exchange reaction The sebacic-acid modified Si3N4 powder (washed with methanol) of 40g was treated in an aqueous solution of 400 ml of yttrium acetate tetrahydrate at a concentration of 3.0 mol/l at 25 for 24h. The powder was filtered offand then was dried in vacuo at 50 for 3h. The powder was subse quently washed with water, as described in the experimen tal section. Table 2 summarizes the amounts of the sinter ing aid as Y2O3 after different times of washing. A loading amount of 0.34 mass% was calculated, by assuming the sur face of Si3N4 to consist of only (001) planes, sebacic acid to be chemisorbed on only one third of the surface Si atoms, and protons in the free carboxylic groups of chemisorbed se bacic acid to be exchanged with Y(CH3COO)2+ (see Eq. (2)). The loading amount of Y2O3 for the Y3+-chemisorbed powder without washing was about ten times as large as that of the calculated value, suggesting the existence of a large amount of yttrium acetate attached weakly on the sur face as well as the chemisorbed sebacic acid (see Fig. 3 (c)). Washing with water still yielded about twice as much as the calculated value, but the loading amount of Y2O3 was considered to be low so as to promote densification of Si3N Therefore, the Y3+-chemisorbed powder without washing was subjected to sintering in the below. It should be noted that the loading amount of Y2O3 varied slightly with the ion exchange conditions: the amount of sebacic acid-modified powder and the concentration of aqueous solutions of yt trium acetate tetrahydrate used.
3.4 Microstructure of Si3N4 ceramics Table 3 summarizes relative density of Si3N4 ceramics prepared from the Y3+-chemisorbed Si3N4 powders. For comparative purpose, relative density of the Si3N4 ceramics prepared from the mixture of as-received Si3N4 and 5.0 mass% Y2O3 powder is also listed in Table 3 . The loading of the sintering aid by the ion-exchange reaction was found to promote the densification even in a small loading amount of Y2O3 as low as 0.71 mass%. In addition, the relative density reached 97.1% when the Y3+-chemisorbed powder con tained 5.7 mass% of the sintering aid as Y2O3, whereas the relative density was 91.0% at most when 5.0 mass% Y2 powder was used as a sintering aid. Indeed, a large volume of pores was found in the etched fracture surface of the lat ter ceramics, as shown in Fig. 5 . Thus, it is revealed that the highly dispersed sintering aid is very likely to have promot ed densification of Si3N4 grains. The method proposed in the present study, i.e., the sur face modification with dicarboxylic acids based on the de hydaration-condensation reaction followed by the ion-ex change reaction with metal acetates, offers the potential for high dispersion of not only Y3+ ions but also Al3+ or Mg2+ ions on Si3N4 powder. Such sintering aid-dispersed Si3N powder may allow us to fabricate high density and composi tional homogeneity of green compacts by aqueous colloidal processing, i.e., slip casting, and hence ceramics with high reliability of the thermomechanical properties. Further more, the amount of sintering aids necessary for achieving the densification of Si3N4 may be reduced by this ion-ex change loading method and subsequent aqueous colloidal processing.
Conclusions
The chemical stability of Si3N4 powder in pressured and saturated water vapor was improved by the chemical sur face modification with sebacic acid. High dispersion of Y3+ ions as a sintering aid could be achieved by the treatment of the sebacic acid-modified powder with yttrium acetate tetra hydrate. Although the Y3+-chemisorbed powder required a prefiring process to burn out the organic components, the highly dispersed sintering aid promoted the densification of Si3N4 even with a small loading amount, in comparison with the addition of Y2O3 powder as a sintering aid, by hot-press ing.
